Chronology of drought termination for long records in the Thames catchment by Simon Parry (1258815) et al.
  
1 INTRODUCTION 
 
Drought termination, defined generally as the end of drought conditions, has been relatively ne-
glected in the scientific literature. This is despite the fact that droughts tend to end abruptly 
(Dettinger 2013), frequently causing significant disruption (e.g. Parry et al. 2013). However, 
the frequency of abrupt drought terminations may be overestimated, perhaps because they are 
more dramatic and newsworthy than a gradual return to ‘normal conditions’. The terminal 
phase is also the point during a drought when water resources are most stretched, and when in-
formation on the likelihood of termination would be most welcome. A more comprehensive un-
derstanding of drought termination would improve our knowledge of its physical processes and 
represents a potentially important contribution to drought monitoring and forecasting activities. 
 
The concept of drought termination prevalent in the literature is an instantaneous point in time 
which sub-divides ‘drought’ and ‘normal’ conditions, separated by a criterion that determines 
whether termination has occurred, but this approach ignores the termination phase (Byun & 
Wilhite 1999). Current knowledge of why and how a drought ends has been constrained by lim-
itations of indices and methods (Panu & Sharma 2002; Heim Jr. & Brewer 2012). 
 
Attempts to systematically assess the end of drought generally have focused on the impact of a 
specific driver of the recovery from drought, such as tropical cyclones (e.g. Kam et al. 2013) or 
atmospheric rivers (e.g. Dettinger 2013) terminating drought in the United States (US). These 
phenomena are the dominant ‘drought busting’ factors in coastal areas of the US, but the focus 
of these studies is assessing the proportion of droughts that are terminated by these drivers. 
 
Long hydrometric records provide the best indicator of the spectrum of possible drought termi-
nation characteristics. Whilst long records are relatively rare in global terms (Bayliss et al. 
2004), some data in the United Kingdom (UK) extend back into the 19th century and earlier, in-
cluding datasets of rainfall (e.g. Alexander & Jones 2001), temperature (e.g. Manley 1974), ob-
served and reconstructed river flows (e.g. Jones et al. 2006) and groundwater levels. These long 
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records allow an investigation of pre-industrial conditions and provide a long-term perspective 
on shorter-term trends (Hannaford & Buys 2012). The Thames catchment is one of the most ex-
tensively studied in the world (Marsh & Harvey 2012), at least in part due to the long and com-
plete time series of river flow data available. This range of long observed and reconstructed hy-
drometeorological records has been capitalized upon in analyzing natural variability, trends and 
extreme events (e.g. Jones et al. 2006). 
 
This paper describes a new approach to defining and characterizing drought termination. Chro-
nologies of drought termination are then presented, alongside a discussion of their validity and 
a comparison between hydrological and groundwater termination characteristics. This paper 
will assess hydrological and groundwater drought termination identified in ‘continuous’ river 
flow and groundwater level data. Application of the methodology to ‘discrete’ data (e.g. rainfall 
totals) is less straightforward, and the concept of meteorological drought differs from that of 
hydrogeological drought, which is influenced by the role of storage. 
2 DATA 
With a catchment area of 9,948km2 to its tidal limit in west London, the River Thames is the 
largest basin in the UK. The flow regime is influenced by a range of hydrogeological for-
mations, from responsive areas of clay to slow responding outcrops of chalk and limestone. The 
Thames has a long history of changing land use and river flow management, and the basin has 
witnessed large population increases in urban centers that have put pressure on water resources. 
The flow record at Kingston, close to the tidal limit, dates back to 1883, making it one of the 
longest complete river flow records in the world. The hydrometry has changed significantly 
over time, but the series remains incredibly valuable. The degree of abstractions within the 
catchment requires the flow data to be naturalized to remove the human influences (Marsh & 
Harvey 2012). This study uses monthly mean naturalized flows from 1883-2013. The Rockley 
borehole monitors the Cretaceous Chalk in the south-west of the Thames catchment. The Chalk 
aquifer at this location is unconfined, and levels typically fluctuate by around 12m over the an-
nual cycle. Levels have been recorded weekly from 1933 to present. This study uses monthly 
mean groundwater levels from 1933-2013. 
3 DEFINING DROUGHT TERMINATION 
3.1 A novel approach 
Characterization of drought termination requires the identification of its start (the end of the 
preceding drought) and end (when recovery is complete). Whilst most concepts of drought ter-
mination do not account for this, Mo (2011) introduced a ‘transition time’ at the end of a 
drought and Bonsal et al. (2011) suggested the partitioning of drought into six distinct parts, 
one of which is a ‘recovery’ phase. The approach described below builds upon these concepts. 
3.2 Defining and characterizing drought termination 
The method can be applied to a range of time steps (e.g. daily, monthly), expressed as a per-
centage anomaly of the long-term average (for a standard reference period, e.g. 1971-2000). 
The metrics introduced below are illustrated in Figure 1. 
 
1) Start of drought (‘droughtStart’) is the beginning of a period of below-threshold anoma-
lies (site-specific criterion). The possible inclusion of time steps with above-threshold 
anomalies amongst the below-threshold anomalies (site-specific criterion) allows for 
storm events in the middle of a drought. 
 
2) End of termination (‘termEnd’) is the end of a period of consecutive above-threshold 
anomalies (site-specific criterion). The recovery threshold (‘recovThresh’) is the 
above-threshold anomaly for the last of these consecutive time steps, indicating the re-
covery has been sustained above the threshold for longer than an intermittent storm. 
 
3) Drought development and termination phases are partitioned at the time step corre-
sponding to the largest below-threshold anomaly (the drought magnitude; ‘drought-
Magn’). This time step is the end of drought (‘droughtEnd’), and the following time 
step is the start of termination (‘termStart’). 
 
4) Termination duration (‘termDur’) is the number of time steps between the start and end 
of the termination. Drought duration (‘droughtDur’) is the same but for the drought. 
 
5) Termination rate (‘termRate’) is calculated as the difference between the drought mag-
nitude and the recovery threshold (i.e. the change from the drought minimum to the end 
of recovery), divided by the ‘termDur’. This indicates the ‘gradient’ of recovery (Figure 
1). Metrics are derived from percentage anomaly data, so the unit of ‘termRate’ is per-
cent per time step. 
 
6) Termination seasonality (‘termSeas’) classifies the period over which drought termina-
tion occurs as spring, summer, autumn, winter, or a combination of these (Figure 1). 
 
 
 
 
Figure 1. Conceptual diagram of 
drought termination metrics. The 
grey horizontal line represents a 
user-defined threshold and the 
black stepped line represents ob-
servations. 
 
 
 
 
This approach to defining and characterizing drought termination has been applied to the 
monthly Kingston river flow and Rockley groundwater level data. Chronologies of drought 
termination in the Thames catchment are presented in Figure 2 and Figure 3. 
4 DISCUSSION 
4.1 Validating the chronologies 
Major droughts in England and Wales occurred in 1887-1888, 1890-1910, 1921-1922, 1933-
1934, 1959, 1976, 1990-1992, 1995-1997 and 2004-2006 (Marsh et al. 2007, identified using 
hydrological and documentary evidence). Almost all of these events are detected in the chro-
nologies shown in Figure 2 and Figure 3, as is the most recent severe drought in 2010-2012 
(Kendon et al. 2013). Notably, the 1959 drought is not detected in either of the chronologies, 
although this event occurred predominantly in eastern and central parts of England and had lit-
tle expression in groundwater influenced areas of the south-east (Marsh et al. 2007), including 
the Thames. The ‘Long Drought’ of 1890-1910 is particularly noticeable in Figure 2 as a period 
during which pairs of drought and termination occurred almost continuously. This identifies a 
succession of droughts with some wet interludes that allowed termination to be complete, but 
with drought conditions returning almost immediately. The most severe phases of the drought 
(1893, 1899, 1902, 1905) and the extreme wetness of 1903 (Marsh et al. 2007) are largely re-
produced in Figure 2. The ‘Long Drought’ had a significant impact on groundwater, although 
the Rockley data do not extend back to this time. 
Figure 2. Chronology of hydrological drought in 
the Thames at Kingston river flow record. 
Drought development (grey) and drought termi-
nations (black) are shown. 
Figure 3. Chronology of groundwater drought in 
the Rockley borehole level record. Drought de-
velopment (grey) and drought terminations 
(black) are shown. 
 
 
Table 1. Top 5 most abrupt drought termina-
tions for the Thames at Kingston. 
Termination Duration 
(months) 
Rate 
(%/month) 
Mar 2012 -  
Jul 2012 5 46.75 
Dec 1973 - 
Nov 1974 12 19.97 
Oct 1929 - 
Feb 1930 5 16.91 
Feb 1963 - 
May 1963 4 16.43 
Jan 1891 - 
Dec 1891 12 13.24 
 
Systematic analyses of drought termination have not been conducted for the UK previously 
which makes validation more difficult. The rapid termination of the 2010-2012 drought through 
the spring and summer of 2012 (Parry et al. 2013) is captured by both chronologies. The signif-
icance of the drought termination in 2012 is underlined by a rate metric value for Kingston that 
is more than twice as large as that for any previous termination (Table 1). Rapid recovery of 
river flows following drought conditions has been reported for 1929, 1959, 1963, 1976 (Doorn-
kamp et al. 1980), 1989 and 1992 (Parry et al. 2013). With the exception of 1989, each of these 
events is captured in Figure 2. The chronologies also detect other termination episodes which 
are less abrupt (e.g. 1948-1950, 1997-1998, 2006). The systematic analysis presented in this 
study has enabled the identification of various types of recovery, and additional research is re-
quired to understand the physical processes associated with these different events. 
4.2 Comparing hydrological and groundwater termination 
Examination of the overlapping period of river flow and groundwater data (1933-2013) sug-
gests the start and end points of both drought and termination phases for groundwater are 
lagged behind those for river flow. This is particularly the case for more recent events during 
2004-2006 and 2010-2012. The absence of the 1962-1964 and 1984 droughts (and therefore 
their terminations) from the groundwater chronology in Figure 3 is related to the characteristics 
of these particular events. The 1962-1964 drought was a succession of dry winters followed by 
moderately wet springs and summers (Parry et al. 2012); the start of drought criterion (an 18-
month period with no more than three individual months above the threshold) was not satisfied 
for Rockley in 1962-1964. The 1984 drought was a summer event predominantly focused on 
northern and upland areas of the UK, which had little effect on groundwater-influenced catch-
ments in the low-lying south-east of England. The combined duration of pairs of drought and 
termination periods tend to be shorter for the Rockley level data than for the Kingston flow da-
ta. This reflects the earlier onset of hydrological drought, but also that termination phases ap-
pear to be shorter for groundwater than for river flow, despite often commencing later. This 
may be related to the attenuated response of the Chalk aquifer to infiltrating rainfall, with 
groundwater more likely than surface water to stay consistently above average for a given peri-
od of time without interruption. The differing spatial scales represented may also be a factor. 
The Rockley borehole measures a small part of the Chalk aquifer, whereas the Kingston river 
flow record integrates over a large catchment area which incorporates a variety of responsive-
ness of Chalk, in addition to other geologies (e.g. limestones and clays). The location of the 
Rockley borehole is also important, in the headwaters of the Thames catchment. It is possible 
that Rockley terminated earlier because the flows in the Thames are reliant on the recovery of 
groundwater levels from higher up in the catchment, at Rockley and elsewhere. 
4.3 Sensitivity of methodology 
The chronologies for the Thames catchment in Figure 2 and Figure 3 are sensitive to the values 
of the criteria outlined in Section 3. The number of time steps for a drought to start and the 
number of time steps for the termination to end, in particular, are likely to be site-specific, in-
fluenced by catchment and aquifer characteristics (including area), and rainfall regime. Increas-
ing or decreasing these values will impact the duration of droughts identified, ‘pooling’ shorter 
events into longer episodes. For example, in catchments such as the Thames with a significant 
groundwater influence that provides a buffer against short-term rainfall deficiencies, a smaller 
value for the start of drought criterion may identify an unrealistically large number of ‘drought’ 
periods. Conversely, more responsive catchments may be vulnerable to rainfall deficits over as 
little as three to six months. Each application of the method will require a systematic analysis of 
the most appropriate values for the specific context in which it is applied. 
5 CONCLUSIONS 
A new approach has been developed to systematically define and characterize drought termina-
tion, and has been applied to long records of river flows and groundwater levels in the Thames 
catchment. The Thames catchment has been selected because it contains long river flow and 
groundwater level records that best illustrate the utility of the methodology in constructing a 
chronology of drought termination that places contemporary events into their long-term histori-
cal context. It is recognized that this catchment, the largest in the UK, integrates a range of 
characteristics (such as geology and land use) and physical processes. Future applications of the 
method will analyze drought termination in smaller, near-natural catchments in order to better 
understand the physical processes that underpin drought termination. There is also a need to 
test the transferability of the method in a range of hydroclimatic regimes and catchment types. 
 
The method adequately reproduces the distribution of drought termination episodes in the his-
torical record, and allows the quantification of characteristics (e.g. rate of change) that has not 
been previously possible. The use of long records maximizes the number of drought termina-
tions that can be characterized and has the potential to improve our process understanding and 
the spectrum of potential outcomes in a monitoring and forecasting context. The application to 
two different data types suggest that the transferability of the method could be useful in investi-
gating the complexities of propagation of drought termination through the hydrological cycle. 
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